INTRODUCTION
In the past 15 yr, the structure of hemoglobin has been studied in detail and a great deal is known about its structural constituents and spatial organization. The oxygen transport functions of the hemoprotein have been shown to depend on interactions between heme and globin and on those between the four polypeptide chains of the molecule. The latter interactions are important, in turn, in the dissociation into symmetrical dimers and subunit exchange that occur during oxygen binding. Nevertheless, the relation between function and specific structural features is as yet but poorly understood. One approach to studying the correlation of structure with function is through abnormal hemoglobins where a known structural abnormality is associated with physiological malfunction of the red cell.
This report describes a recently discovered abnormal hemoglobin in several members of a Japanese family in whom there is evidence of dysfunction of the red blood cells. This hemoglobin, named Hb Hiroshima, is one of two fast moving 8-chain variants discovered during a systematic survey for hemoglobinopathies among 9262 individuals who visited the outpatient clinic of the Atomic Bomb Casualty Commission (ABCC)1 in Hiroshima, Japan between June 1963 and November 1965. The other abnormal hemoglobin, Hb Hijiyama, found (luring this survey has been reported elsewhere (1) .
METHODS
Blood for hematologic studies was collected in ethylenediaminetetraacetic acid (EDTA). Erythrocyte counts were performed electronically,2 and total hemoglobin was determined by the cyanomethemoglobin method (4) .
Oxygen affinity of red cell suspensions and unfractionated hemolysates were determined by the spectrophotometric method of Allen, Guthe, and Wyman (5), using a modified tonometer (6) . Oxygen equilibrium curves of purified preparations of hemoglobin were obtained by oxygen electrode and continuous automatic recording spectrophotometry (7) . At all times during the latter determinations the methemoglobin content of the test samples was less than 3% of the total.
The abnormal hemoglobin of the index case and others in the family was first identified by agar-gel electrophoresis at pH 8.6 (8) . Methods for further characterization of the hemoglobin are identical to those described in other studies from these laboratories (1, 9) and include the following: paper and starch-gel electrophoresis; column chromatography on carboxymethyl cellulose (CMC) and Amberlite IRC-50; tests of solubility of reduced hemoglobin, HbF, and alkali resistance. The latter tests were performed on unfractionated hemolysates according to the methods of Singer, Chernoff, and Singer (10) and Betke, Marti, and Schlicht (11) .
The abnormal hemoglobin was separated from Hb A by starch-block electrophoresis (9) , dialyzed in Visking tubing (Union Carbide Corp., Visking Div., Chicago, Ill.) against deionized water at 50C, and concentrated by immersion in Sephadex G25 powder. Hb A was purified in the same manner, and in tests of oxygen affinity, was eluted from the same starch block from which Hb Hiroshima was obtained.
The chain location of the anomaly was determined by urea dissociation electrophoresis and by hybridization tests between Hb Hiroshima and canine hemoglobin (1). Globin was prepared by the method of Anson and Mirsky (12); alpha and beta chains were separated by CMC column chromatography of hemolysates after treatment with p-chloromercuribenzoic acid (13) . Fingerprints of tryptic digests were prepared by standard procedures (14, 15) . The abnormal peptide on the fingerprints was hydrolyzed with 6 N HCl at 105°C for 22 hr and the amino acid composition 1 Those seen in the clinic are voluntary participants in the ABCC Adult Health Study and In Utero Study, long-term investigations of the aftereffects of exposure to ionizing radiation. The populations have been described in detail elsewhere (2, 3) .
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determined by silica-gel thin layer chromatography (16) and automatic amino acid analysis (17 Oxygen equilibria determined by oxygen electrode and continuous recording spectrophotometry of Hb Hiroshima showed characteristics almost identical with those for suspensions and hemolysates described above. shows curves for purified Hb Hiroshima and an hemolysate from another carrier (III3) compared with Hb A. At pH 7.0 and 20'C the P50 values were 2.3, 4.6, and 9.2, respectively. The effect of pH (Bohr effect) on the oxygen equilibrium of purified Hb Hiroshima is compared with Hb A in Fig. 3 . At pH values decreasing from 7.8 to 6.5, though the curves shifted progressively to the right, the change was less than for Hb A. The reduction in the pH or Bohr effect is shown more clearly in the inset to Fig. 3 . The Bohr effect factor (AlogPso/ ApH) is reduced by about one-half for Hb Hiroshima, being -0.27 over the pH range between 7.4 and 7.0, compared to -0.53 for Hb A. The Hill constant (19) , n, for purified Hb Hiroshima was about 2.0 at pH 7.0, compared to 3.0 for Hb A, implying reduction in hemeheme interaction for the mutant hemoglobin. Also, as seen in the inset to Fig. 3 , n tended to increase as pH increased, being 2.4 at pH 7.4, and 2.6 at pH 7.8. Imai (20) analyzed the oxygen equilibria curves for Hb Hiroshima in detail, and pointed out that at the upper ranges of oxygen saturation, the Hill plot is biphasic and the conventional interpretation of the significance of n probably does not hold.
Physical and chemical characteristics of Hb Hiroshima. The electrophoretic mobility of Hb Hiroshima at pH 8.6 was greater than that of Hb A, but at neutral or acid pH, on agar gel it migrated less rapidly than Hb A towards the anode (Fig. 4) (26, 27 The amino acid substitution in Hb Hiroshima has affected three of the important properties associated with the reversible combination of oxygen with hemoglobin: low oxygen affinity, heme-heme interaction, and pH dependence (29) . The oxygen equilibrium curve is shifted towards lower pressures with respect to % oxygenation, so that at pH 7.0, the Pss is about one quarter that of normal. The normal sigmoid shape of the curve is somewhat altered and n, the slope of the curve, is reduced from 3 to about 2, indicating reduction, though not complete abolition of heme-heme interaction. Finally, the Bohr effect, though present, is less than normal as shown by a reduction of the Bohr effect factor to about half that for Hb A. All three of these factors must be taken into account in relating the structural change in Hb Hiroshima to its functional changes.
The allosteric properties of hemoglobin depend on interactions between the alpha and beta subunits and an important factor in the binding of oxygen is dissociation of the tetrameric molecule into two symmetric dimers accompanied by subunit exchange (30) . Interference with interactions between unlike subunits impairs hemeheme interaction and may interfere with the Bohr (pH) effect. Though related, heme-heme interaction and the Bohr effect are separable, implying that different parts of the hemoglobin molecule participate in these two functions (31) . Chemical manipulation of hemoglobin can produce this separation and several recently discovered mutant hemoglobins exhibit this property as well. § The Bohr effect for Yakima is given as "near normal" for a mixed hemolysate, and the Bohr effect factor is slightly reduced; for apurified sample of Yakima, the data also suggest a slight reduction of the Bohr effect (27) . Similarly, the data for Kempsey suggest some reduction of the Bohr effect (34) .
commented on by others (33, 34) (26, 38) . In Hb Hiroshima, on the other hand, the substitution near the C-terminal of the beta chain suggests a somewhat different explanation for the increased oxygen affinity, namely, that there may be interference with contacts between the two sister beta chains instead of between unlike alpha and beta subunits. According to Perutz's model for horse hemoglobin (39, 40) , which may also apply to human hemoglobin, the sister beta chains are thought to be cross-linked by hydrogen bonds between Asn 8-H17 and the two His residues at 8-H21 and /8-H24. In addition, the amino and carboxy terminals of the sister beta chains may be linked between His /3-H24 of one chain with Val 8-NA1 of the other. Another possible contact is between His 8-H24 and Lys p-H10. Muirhead, Cox, Mazzarella, and Perutz (41) showed that in human oxyhemoglobin, the amino terminal of one beta chain is 6 A away from the carboxy terminal of the other chain, whereas in the deoxy form, the distance is doubled and contacts between the sister chains are broken. Obviously, a substitution of the more negatively charged Asp for His at H21 would profoundly alter these cross-linkages. Moreover, the residue at H21 is separated by almost one helical turn from the C-terminal H24 (42) , and its side chain, therefore, is probably oriented in the same direction as that of the terminal residue. Substitution of the more polar Asp in Hb Hiroshima would lead to charge rearrangements through the addition of one more negative charge in the proximity of the C-terminal, tending to strengthen the bond with the N-terminal of the sister chain. Strengthening these bonds would tend to fix the hemoglobin molecule in the contracted quaternary oxy-conformation, and interfere with dissociation into symmetrical alphabeta dimers, leading to an increase in oxygen affinity.
The recently reported importance of 2,3-diphosphoglycerate (DPG) in hemoglobin function raises the question of its possible role in the increased oxygen affinity of Hb Hiroshima. Benesch, Benesch, and Yu (43) showed that DPG combines reversibly with normal hemoglobin in equimolar amounts, that the binding of DPG is reciprocal to that of oxygen, and that DPG reduces the affinity of hemoglobin for oxygen. Moreover, DPG is evidently bound to the beta chain of the hemoglobin molecule when it is in the expanded deoxy form, according to Perutz and Lehmann (44) . These investigators also pointed out that lysyl and arginyl residues along the dyad axis of the central cavity could serve to neutralize the five negative charges of DPG and indicated that Lys 8-H10, the only one of the nine invariant residues in mammalian hemoglobin with no known function (42) , might be a binding site for DPG (44 (31, 46) . Removal of the latter produces products with increased oxygen affinity and a reduced Bohr effect. With respect to the shifts in interatomic distances that accompany the oxygenation-deoxygenation reaction (41) , Rossi-Bernardi and Roughton (45) suggested that as a consequence of stereochemical effects, the two pairs of hydrogen bridges between the gamma amino Asn 8-H17 and the imidazole side chains of His 8-H21 and f8-H24 might participate in the Bohr reaction. In Hb Hiroshima, the replacement of His by Asp at 8-H21 not only alters the bonding relationships in the molecule as previously discussed, but also removes a pair of potential sources of Bohr protons, one from each subunit.
While this interpretation is no doubt an oversimplification, it is evident that the substitution of Asp for His near the beta carboxy terminal in Hb Hiroshima provides a clear illustration, along with that of Hb Rainer, that this segment of the beta chain plays an important role in several different functions of hemoglobin (47) . Taken together, these recently discovered, naturally occurring, high oxygen affinity, mutant hemoglobins pro9Garby, L., G. Gerber, and C.-H. de Verdier. In preparation. 10 Perutz, M. F., and L. Garby. Personal communication.
vide considerable support for the current picture that is developing to explain at a molecular level the complicated relationship of structure to function in hemoglobin.
In all Hb Hiroshima carriers, the mutant and normal adult hemoglobins are present in equal proportions, implying that the synthetic mechanisms for the mutant ,8-chain are probably as efficient as those for the normal chain, and that presumably the affinity of 8-Hiroshima for heme is equivalent to that of /3-A. Among the variants listed in Table V , with the exception of Hb Rainier, the /8-mutants are present in higher proportion in heterozygotes than the a-variants, which is consistent with the observation that in general, the proportion of the abnormal pigment in carriers of /3-variants tends to be higher than in those with a variants (23) .
The amino acid substitution in Hb Hiroshima is ascribable to a single step mutation in the codon (48) for His (CAC or CAU)" to that for Asp (GAC or GAU). This point mutation, C to G, is the transversion type (pyrimidine to purine, or vice versa) which, according to Vogel and R6hrborn (49) , is less likely to occur than the transition mutation (purine to purine, or pyrimidine to pyrimidine). Among the mutants listed in Table V , half (Capetown, Kempsey, Rainier) are transitions, which even in this small group, is reasonably consistent with other data (49) for abnormal hemoglobins showing a higher proportion of transitions than expected on the basis of random mutation alone.
